which is not in contact with other vacuoles, boundary membrane, which is apposed to a neighboring vacuole, spatial disposition may be essential for fusion.
We study organelle traffic through the homotypic fuand vertices, where boundary membranes or boundary and outside membranes meet. sion of yeast vacuoles . This reaction occurs in three steps. "Priming" prepares vacuVacuole fusion in vivo begins with separation of the boundary membrane from the external membrane at oles for attachment, or "docking," which leads to "fusion" and the complete mixing of lumenal contents. vertex sites. This initial event of fusion can be monitored in three ways. First, a drop in fluorescence intensity is Priming is initiated by the Sec18p ATPase (Mayer et al., 1996), which disassembles cis-SNARE complexes observed at vertex sites ( Figure 1A , arrowheads). Secof Vam3p, Vam7p, Vti1p, Ykt6p, and Nyv1p (Nichols et ond, the boundary membrane becomes mobile (resemal., 1997; Ungermann et al., 1998a Ungermann et al., , 1999a ) and releases bling a flag in the wind) adjacent to the region of lowered Sec17p and the HOPS (homotypic fusion and vacuole fluorescence intensity. Third, the external membrane, protein sorting)/Vps-Class C complex. HOPS includes which prior to fusion is sharply concave at the vertex the Sec1p homolog Vps33p, the nucleotide exchange site, relaxes to a flat or convex shape as its attachment factor Vps39p, and Vps11, 16, 18, and 41p (Price et al., to the boundary region is severed. Cells with proteins tagged with GFP were grown in SD medium at 30ЊC to OD 600 ϭ 1-2, and then 1 ml of culture was centrifuged (10,000 ϫ g, 2 min, 4ЊC), suspended in 1 ml of PBS (pH 7.5), collected as above, and suspended in 100 l of SD medium. Cells were observed by Nomarski optics (DIC; 50 ms exposure) and by fluorescence microscopy in the FITC channel (1 s exposure). Vacuoles isolated from these strains were embedded in 0.8% low-melt agarose.
boundary membrane into the fused vacuolar lumen varInternal membrane formation was observed in 96% of fusion events ( Figure 1D ) but was seen in only 5% of ies from Ͻ1 s ( Figure 1A Vacuoles bearing the various GFP-tagged proteins pared by sedimentation of unprimed vacuoles. Sedimentation causes vacuole clustering, which cannot bywere primed and docked, stained, and observed by fluorescence microscopy. To determine whether observed pass the normal Ypt7p-, HOPS-, and SNARE-dependent mechanisms of the authentic fusion pathway. distributions of GFP-tagged proteins were specific to authentic docking, control vacuole clusters were preTo establish the utility of the ratiometric assay, we 
Experimental Procedures
Background was defined as the local minimum value of the cropped image and was subtracted. The local minimum value in cropped S. cerevisiae strains used in this study were BJ 3505 (MAT␣ images was typically ‫2ف‬ rmsd below the modal pixel value of the pep4::HIS3 prb1-1.6R HIS3 lys2-208 trp1-101 ura3-52 gal2 can), BJ nonvacuole area in the uncropped image. Other methods of back-2168 (MAT␣ leu2-3,112 trp1-101 ura3-52 prb1-1122 pep4-3 pcr1-ground subtraction, such as subtraction of images of no-vacuole 407), DKY6281 (MAT␣ leu2-3 leu2-112 ura3-52 his3-200 trp1-901 samples, yielded similar results but suffered from significant varilys2-801 suc2-9 pho8::TRP1), and SEY6210 (MAT␣ leu2-3 leu2-112 ability due to temporal instability of the light source. Backgroundura3-52 his3-200 trp1-901 lys2-801 suc2-9). D. Koshland generously corrected images were thresholded by setting pixels with low values provided fab1-⌬1 and its isogenic FAB1 parent (Yamamoto et al., to zero, and were then converted to 32-bit (floating point) format to 1995); aut1⌬, aut3⌬, aut4⌬, cvt5⌬, and the isogenic parent BY4742 retain decimal precision without scaling of the data. Ratio images were obtained from Research Genetics, Inc. The genotypes of were generated using the pixel math: log G Ϫ log F ϭ log R, where strains expressing GFP-tagged proteins are summarized in Supple-G is the value of a GFP pixel, F is the value of the corresponding mental Table S1 at http://www.cell.com/cgi/content/full/108/3/ FM4-64 pixel, and R is the ratio of these values. No attempt was 357/DC1, and the oligonucleotides used in their construction are made to compensate for the point-spread functions of the optics listed in Supplemental Table S2 ; the GFP used was the "Superglow" (e.g., iterative deconvolution); thus, the calculated ratios represent variant of Kahana and Silver (1998). Table S3 ) containing the GFP module fused and then the measurement tool in Image/J was used to determine in-frame to the 5Ј end of the gene (or, for Vam3, two tandem inthe GFP:lipid ratios between the maximum pixel values within manuframe GFP modules), flanked by its native promoter and part of ally placed circular 4-8 pixel diameter ROIs. This procedure comthe downstream region, were transformed into the deletion strain.
pensated for slight misalignments between GFP/FM4-64 image pairs. Ratio measurements were pooled into three morphological Integrants were confirmed by PCR.
